NE OF the potential advantages of 12L circuits is that they can, in principle, be operated from supply voltages less than 1 V. This permits, e.g., the use of a single NiCad cell as the power supply-an attractive feature in such applications as camera controls, watches, and calculators.
However, some means for controlling the injector current are required. Normally a series drop resistor R= is connected from the supply voltage V& to the injector in which case the total injector current is
When Vcc approaches VBE this solution becomes useless due to the temperature dependence of the base-emitter voltage VBE.
Also variations in V& give rise to large relative variations in linj when Vcc is only slightly larger than VBE.
These problems have led to the investigation of principles for implementation of a current control circuit which can be used with input voltages down to about VBE. In the present paper we first discuss the circuit design of a constant reference current source which can operate down to less than 1 V. The current source is implemented using a bandgap reference principle, aiming at a temperature coefficient of zero. As the current is sourced to the load through a lateral p-n-p transistor it is only possible to use it directly as the injector current supply for supply currents below approxi- When implementing a constant current source the same principle can be applied by using the sum of a VBE dependent current and a A VBE dependent current as the reference current [2] . The temperature dependence of the reference current can be analyzed by examining the currents IZ and~R. The baseemitter voltage dependence on temperature is given by [1] v~~= Vgo ()
In (2) 
Consequently, we obtain a temperature coefficient of zero if 
When the area ratio N approaches infinity this expression reduces to the results found for a conventional bandgap voltage reference [3] .
For a realistic value of AJ the bandgap reference described above gives a second-order temperature dependence which is slightly larger than the conventional bandgap reference. As an example we fuld the second derivative for an area ratio of 18 to be -9 c 10-2 compared to the value -6 " 10-2 found for the conventional bi~u~dgapreference.
In the above calculations we have assumed that the resistors R~and R2 are temperature independent. If these resistors have a nonzero temperature coefficient =1 dR R dT == TO it can be shown that the design equation (9) should be modified to
The circuit in IFig. 1 has been implemented using Exar 12L design kit parts XR-C407 and XR-C408.
Aiming at a reference current of 100 I.LA we fmd R~= 13.130kQ andl?z = 1.620kKL held at a constant temperature in order to avoid variations in I,ef due to a nonzero temperature coefficient of the resistors.
It is evident from Fig. 2 that the circuit is operable below 1 V over the full temperature range from -10 to +70"C. It is also obvious that the reference current exhibits only a very small variation with the supply voltage. The temperature dependence of the reference current is shown in more detail in Fig.  3 where we have shown the calculated performance (a second derivative of -9 " 10-2) together with the measured results.
The measured results are found to be in excellent agreement with the theory.
FEEDBACK CIRCUIT FOR HIGH INJECTOR CURRENTS
The current source in Fig. 1 requires the use of a lateral p-n-p transistor as the series pass element. Therefore, the circuit can only be used directly for injector currents below approximately 1 mA. For high current levels an external p-n-p 'ccTiIT'J: '2M Fig. 4 . Series current regulator for high levels of injector current.
series transistor must be used, and the current mirror technique utilized in the circuit in Fig. 1 becomes useless. Instead a feedback arrangement as shown in Fig. 4 maybe applied. In this circuit the current reference generated by the circuit in Fig. 1 is compared to the injector current of just one 12L gate. Transistor Qq is, in fact, an 12L gate used as a p-n-p transistor.
The collector of Qq is the normal base input of an 12L gate.
Hence, the collector current of Qq equals~inj "~i~where~nj is the common base current gain of Q4. Assuming a negligible base current of Q3 we achieve
In ( As the gate delay of the inverters depends on the injector current the oscillation frequency can be controlled by controlling the injector current. The oscillation frequency is also temperature dependent with the dependency being mainly due to the temperature dependency of the voltage swing.
To a first-order approximation the temperature dependence can be assumed to be linear, and the relative shift in frequency versus temperature can be assumed to be 2 mV/VBE or about 0.3 percent/°C. The oscillation frequency versus temperature is shown in Fig. 5 for a three-stage ring oscillator supplied by a constant current.
The oscillator has been implemented using the XR-C401 test circuit.
The temperature dependence can be compensated for by using a VBE-dependent injector current or rather~inj " Iinj should vary in proportion to VBE. Such a variation of ainj " Iinj can be obtained by controlling the injector current by the circuit shown in Fig. 4 and using a VBE-dependent reference current source. A VBE-dependent reference current source operable from a supply voltage of less than 1 V can easily be obtained by omitting the transistor Q2 and the resistor R z from the reference current generator shown in Fig. 1 . The oscillator performance achievable using this approach is also demonstrated in which shows the oscillation frequency versus temperature for a ring oscillator the injector current of which is controlled by thecircuit in Fig. 4 usinga VBE-dependent reference current.
CONCLUSION
We have demonstrated a circuit configuration which. can be used as a constant current reference. The circuit can be operated from supply voltages below 1 V and exhibits a temperature stability comparable to the stability achievable from a conventional bandgap voltage refererice. The current reference requires two precision resistors for setting of the current level and an external capacitor for stability reasons.
The described current source can directly supply 12L circuits with an injector current up to current levels of about 1 mA.
For larger current levels a feedback circuit employing an external p-n-p transistor is proposed. This circuit re~lates the current~inj "~inj where Iinj is the injector current per gate and %.j k the common base gain of the injector p-n-p-transistor. We have finally found that this feedback control of~inj -~inj can be used to obtain a temperature independent oscillation frequency from a ring oscillator if~lnj '~inj is made tc) WWYin proportion to V'E. This variation of~inj "~inj is obtfied from a simplified version of the temperature stable current ref-
The oscillator thus implemented shows a variation of frequmwy of less than 70 ppm/°C over the temperature range from -10 to +70"C.
